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Oxy-chloride  bismuth-borate  glasses  with  composition  xMgCl2·(30 − x)MgO·20Bi2O3·50B2O3 containing
2 mol%  doping  of  V2O5 (x  = 12,  15, 20,  25  and  30)  are  prepared  by  melt-quenching  technique.  The  struc-
tural,  thermal  and  optical  behaviors  are  explained  by  analyzing  the  data  obtained  from  density  (D),  molar
volume  (Vm),  theoretical  optical  basicity  (th), differential  scanning  calorimetry  (DSC),  FTIR  and  UV–vis
results.  A  decrease  in D and  increase  in  Vm (except  for sample  MBV3  for which  D is maximum)  on  increas-
ing  chloride  content  suggests  the formation  of non-bridging  oxygen  atoms.  Maximum  glass  transition
temperature  (Tg) and  crystallization  temperature  (Tx) have  been  observed  for sample  MBV3.  The  glassptical basicity
lass transition
lass stability
ptical band gap
stability  (S)  and  stability  ratio  (S/Tg) have  been  calculated  from  the values  of Tg and Tx and  both  are  having
maximum  values  for  sample  MBV3.  Study  of the  FTIR  spectra  in the  mid-IR  range  reveals  the  presence  of
both  triangular  and  tetrahedral  coordinated  boron.  The  optical  studies  through  UV–vis  spectral  analysis
show  non-sharp  edge.  The  optical  band  gap  (Eg)  is  also  maximum  for sample  MBV3.
© 2015  The  Ceramic  Society  of Japan  and  the Korean  Ceramic  Society.  Production  and hosting  by
Elsevier  B.V.  All  rights  reserved.. Introduction
Borate glasses have some unique properties such as reduced
hermal expansion, resistance to thermal shock, enhanced tough-
ess, strength, chemical resistance and durability which makes
hem suitable for use in ﬁberglass [1]. It is known that Bi3+ ion
as small ﬁeld strength so Bi2O3 cannot form glass by itself but
n the presence of B2O3 glass formation is possible. Heavy metal
xide (HMO) doped glasses have attracted considerable attention
ue to their high refractive index, high infrared transparency, ther-
al  stability and high density. It is also considered that the addition
f Bi2O3 results in increased stability and chemicals durability
f oxide glasses making these glasses suitable for use in ceram-
cs, reﬂecting windows, etc. [2]. When we add alkali and alkaline
arth metal oxides to the bismuth-borate glass matrix it results in
etwork formation or modiﬁcation. Subsequently it gives rise to∗ Corresponding author at: INSPIRE Fellow, Department of Physics, DCR University
f  Science & Technology, Murthal, Sonepat 131039, Haryana, India.
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ttp://dx.doi.org/10.1016/j.jascer.2015.02.006
187-0764 © 2015 The Ceramic Society of Japan and the Korean Ceramic Society. Producdifferent non-linear optical properties making these glasses suit-
able for optoelectronic applications [3].
The formation of glass in the system ZrF4-BaF2-NaF-Nd3 (the
so-called halide glass) was  studied in 1974 by Poulain and Lucas
[4]. The ﬁrst practical application of BeF2 based halide glass as the
glasses having lowest refractive index and highest Abbe number,
was reported by Baldwin et al. in 1981 [5]. Besides these properties,
the halide glasses are highly toxic and hygroscopic resulting in few
studies on these glasses [6]. The oxy-halide glasses are quite impor-
tant for applications as host materials in high power laser systems
[7]. Subsequently, these glasses due to high ionic conductivity of
mobile halogen ions can be used in fuel/solar cells [8]. Moreover,
the oxy-halide glasses containing phosphates are believed to be
less thermally stable [9] but their borate counterparts may  be hav-
ing good thermal stability as observed in our work. Although many
reports are available on the electrical [10–17] properties of oxy-
halide borate glasses but when it comes to the study of thermal and
optical properties relatively lesser attention has been paid [18–20].
As V4+, vanadium is usually coordinated to six ligands forming
an octahedral complex and with oxygen as ligand, one V O bond
becomes very distinct which is termed as vanadyl ion (VO2+) [21].
The vanadium is generally used as impurity for understanding the
orientation, phase transition and structural properties of the host
glass and is studied with interest in the recent past [22–24]. In our
earlier work, we  have studied the oxy-chloride borate glasses in
tion and hosting by Elsevier B.V. All rights reserved.
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Table  1
Density (D), molar volume (Vm), theoretical optical basicity (th), glass transition temperature (Tg), crystallization temperature (Tx) and glass stability (S) and stability ratio
(S/Tg) of xMgCl2·(30 − x)MgO·20Bi2O3·50B2O3 + 2% V2O5 (x = 12, 15, 20, 25 and 30) glasses.
Sample code x D (g/cm3) Vm (cm3/mol) th Tg (◦C) Tx (◦C) S (◦C) S/Tg
MBV1 12 3.76 32.0 0.465 523 822 299 0.57
MBV2  15 3.51 35.5 0.468 524 791 267 0.51
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presumed to provide very good insight about the network forming
and modifying units. The variations of Vm and density are shown
in Fig. 1. It is quite visible from this ﬁgure that Vm is increasing
and density is decreasing (except for sample MBV3). The increaseMBV3  20 3.68 36.0 
MBV4  25 3.43 41.5 
MBV5  30 3.40 44.0 
he systems BaO·BaCl2·B2O3 [25,26] and CaO·CaCl2·B2O3 [27,28]
ontaining vanadyl ions. The oxy-chloride systems are presumed
o result in volatilization of chlorine during melting, so the ﬁnal
omposition may  differ a bit from the actual composition [29]. In
he system of oxide glasses containing alkaline earth oxides, the
gO-B2O3 system is of particular interest because MgO is a prin-
ipal constituent of the linings of steelmaking furnaces and part of
urnace slag consists of MgO  [30]. However the MgO-B2O3 system
s characterized by the narrowest glass forming region among the
amily of alkali earth borate glasses [31]. The addition of Bi2O3 can
esult in wider glass forming region and lower melting tempera-
ures, which results in an ease in glass formation. Moreover, the
xy-chloride counterparts in MgO-B2O3-Bi2O3 system may  serve
s hosts (owing good thermal stability) for high ampliﬁcation laser
ystems. Keeping in view the above facts, we have prepared the
agnesium oxy-chloride bismo-borate glasses with composition
MgCl2·(30 − x)MgO·20Bi2O3·50B2O3 (x = 12, 15, 20, 25 and 30) and
tudied their thermal, structural and optical properties. The results
long with their interdependence are reported in the present paper.
. Experimental
.1. Sample preparation
The preparation was  carried out using standard melt-quenching
echnique. The analar grade chemicals H3BO3, MgO, MgCl2, Bi2O3,
nd V2O5 required as the starting materials were obtained from
oba Chemie. Each chemical was crushed and weighed in proper
mount by using a digital electronic balance (CAS CAUY220). The
owders were then mixed with an agate pestle and mortar for half
n hour. The mixture so obtained was put into a high alumina
rucible for melting at 1100 ◦C in an electrical mufﬂe furnace for
ne hour. The melt was  then rapidly quenched by sandwiching it
etween two  pre-heated stainless steel plates to obtain samples in
he form of discs [32]. Titular representation of the prepared sam-
les is MBV1, MBV2, MBV3, MBV4 and MBV5 for x = 12, 15, 20, 25
nd 30 respectively.
.2. Density and basicity measurements
The density has been measured using Archimedes principal as
 = Dx Wa
Wa − Wx (1)
here Dx is density of xylene, Wa is weight of sample in air and Wx
s weight in xylene. The molar volume (Vm) thus has been calcu-
ated as Vm = M/D with M as the molecular mass of the sample. The
heoretical optical basicity is calculated [33] by using the following
elation:
th =
∑ Ziri
Zoi
(2)here Zi is the oxidation number of the cation i, ri is the ratio
f cation i with respect to total number of oxides and  i = 1.36
xi − 0.26) with xi as Pauling electro-negativity [34] and Zo as cation
xidation number.0.472 550 949 399 0.73
0.476 524 812 288 0.55
0.480 529 810 281 0.53
2.3. DSC, FTIR and optical absorption measurements
The DSC measurements of samples in the bulk form were car-
ried out in the temperature range of 200–1000 ◦C on a thermal
analyzer (Perkin Elmer STA 6000). The heating rate and nitrogen
ﬂow rate used to carry out analysis were 10 ◦C/min and 100 ml/min
respectively. For FTIR measurements, as-prepared samples were
ﬁrst crushed into ﬁne powder and then mixed in approximately
0.15 g of KBr in the ratio ∼1:100. A circular pellet of diameter 13 mm
was formed with this mixture using a hydraulic press. The pellet
so formed was  analyzed for FTIR using universal sample holder
and a Perkin Elmer Frontier FTIR spectrophotometer in the mid-IR
range. For any sort of noise and background correction Spectrum
10 software provided with the IR system was used [35]. For opti-
cal absorption measurements, the samples with thickness ranging
0.5–1.2 mm were polished to optical quality. The absorption and
transmission spectra of the polished samples were recorded in the
wavelength range of 200–800 nm at ambient temperature using a
UV–vis spectrophotometer (Shimadzu UV2450).
3. Results and discussion
3.1. Density, molar volume and basicity
The measured values of density (D) and calculated values of
molar volume (Vm) are reported in Table 1. These values are of the
same order as reported for alkaline earth oxy-halide glasses [25].
In oxide glasses, study of D and Vm becomes important as both areFig. 1. Composition dependence of density and molar volume of
xMgCl2·(30 − x)MgO·20Bi2O3·50B2O3 + 2% V2O5 (x = 12, 15, 20, 25 and 30)
glasses.
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is a characteristic feature of borate arrangement vibrations of
BO4 tetrahedra in penta-borate groups and the band centered at
1033 cm−1 is due to BO4 vibrations in tri-borate groups [48]. More-
over, the area of this band is decreased which may be an indicationig. 2. DSC curves of xMgCl2·(30 − x)MgO·20Bi2O3·50B2O3 + 2% V2O5 (x = 12, 15, 20,
5  and 30) glasses.
n Vm may  be due to conversion of bridging oxygen atoms into non-
ridging oxygen atoms. These results are also supported by the
ensity variations. But a sharp increase in density for MBV3 sample
eveals that the structure is having maximum compactness at this
omposition. This has been supported by an almost unchanged Vm
t this composition. The values of theoretical optical basicity (th)
alculated by using Eq. (2) are reported in Table 1. The role of trends
n basicity can be best understood by relating it with the oxide ion
olarizability (˛2−o , also termed as oxide ion activity [33]) as [36]:
th = 1.67(1 − 1/˛2−o ). The relation reﬂects that the trends in th
re similar to ˛2−o . The values of ˛
2−
o are calculated through this rela-
ion and are reported in Table 1. The increasing trends in th and
ence ˛2−o , as reﬂected by Table 1, hint towards an enhanced ionic
haracter of the glass system with increase in chloride content. This
eads to a decrease in oxygen covalency which results in an increase
n -bonding between V4+ and the ligands. The enhancement in
igma bonding results in a decrease in the positive charge on V4+
nd thus decreases the -bonding between V4+ and the vanadyl
xygen which leads in an increased bond length of vanadyl oxygen
hereby improving the octahedral nature of the V4+O6 complex [32].
.2. Differential scanning calorimetry (DSC)
Fig. 2 shows the DSC thermographs of samples in bulk form. All
hermographs were recorded at a constant and same heating rate
=10 ◦C/min) because the characteristics temperatures are reliant
n heating rate [37]. From these thermographs, the values of glass
ransition temperature i.e. Tg (calculated as the x-axis value at half
f the endothermic baseline shift) and crystallization temperature
.e. Tx (given by an exothermic peak after the baseline shift) have
een obtained and reported in Table 1. Studies have been done
o quantify the glass stability (S) and glass forming ability (GFA)
y relating these with various characteristic temperatures like Tm
Onset Melting Temperature), Tg, Tx and Tl (Offset Melting Tem-
erature) of oxide glasses [38–40]. The glass stability (S) can be
alculated by the width of super-cooled region between glass tran-
ition and crystallization as S = Tx − Tg [41,42]. The stability can also
e represented by the ratio S/Tg [43]. The values of S and S/Tg thus
alculated are reported in Table 1. From Table 1, it is observed
hat Tg is almost unchanged for all compositions except for sample
BV3 for which it has maximum value. The values Tx, S and S/Tgamic Societies 3 (2015) 206–211
are also maximum for sample MBV3 which hints that the sample
MBV3 is more thermally stable as compared to other compositions.
Tg is assumed to depend on the oxygen packing density in the glass
networks [44]. The addition of salt to borate glasses is expected
to decrease the Tg by creating voids in the glass matrix [45], but
contrary to this, we  have observed an increase in Tg for sample
MBV3. The increase in Tg and thermal stability may be due to the
participation of Cl− ions in the network formation [26,10]. Also as
predicted by the density and molar volume results, the highest sta-
bility observed for MBV3 sample may  be due to least number of
non-bridging oxygen atoms corresponding to this particular com-
position.
3.3. FTIR measurements
The information regarding arrangements of network structural
units in glasses can be obtained by studying the infrared spec-
troscopy as the absorption band vibrations are independent of the
vibrations due to other group of atoms [46,47]. The FTIR spectro-
graphs in the spectral range of 400–2000 cm−1 recorded at ambient
temperature are shown in Fig. 3. The spectra contain mainly IR
absorption bands of the active borate networks [26]. The bands are
observed in three regions which are around 600–800, 800–1150
and 1150–1600 cm−1 respectively. The bond-bending vibrations of
B O B linkage in three-coordinated borate units give rise to the
absorption bands in the region 600–800 cm−1 [48,49]. An absorp-
tion band centered at ∼688 cm−1 is observed in this region which
may  be assigned to bending of B O B linkage in penta-borate
(B2O54−) units [50,51]. This band has almost constant intensity for
all compositions except for sample MBV3 for which the intensity is
maximum which indicates enhanced structure compactness cor-
responding to this composition. The absorption region between
800 and 1150 cm−1 contains the stretching vibrations of four-
coordinated boron atoms in different borate groups [52]. In this
region, a band is observed near 1000 cm−1 which may  be attributed
to BO4 tetrahedral vibrations in tri-, tetra- and penta-borate groups
[53]. This band gets split into two independent bands near 880
and 1033 cm−1 for sample MBV3. The band centered at ∼880 cm−1Fig. 3. FTIR spectra of xMgCl2·(30 − x)MgO·20Bi2O3·50B2O3 + 2% V2O5 (x = 12, 15, 20,
25  and 30) glasses.
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imum and at this composition the Cl− ions are participating in the
network formation as also observed from the analysis of structural
and thermal studies.ig. 4. Optical absorption (inset: transmission) plots of
MgCl2·(30 − x)MgO·20Bi2O3·50B2O3 + 2% V2O5 (x = 12, 15, 20, 25 and 30)
lasses.
owards decrease in non-bridging oxygen atoms corresponding to
his composition. These results are very well supported by the
rends in D, Vm and thermal studies. The third absorption region,
hich is a characteristic feature of linkage of boron atoms with tri-
orate groups [54], contains an absorption band around 1370 cm−1.
his band is attributed to B O stretching vibrations of trigonal BO3
nits in meta-, pyro- and ortho-borates [53]. For sample MBV3,
he intensity of this band has increased, indicating an increase in
ridging oxygen atoms as depicted by the previously observed band
ositions. In the region below wave number 600 cm−1, two very
aint bonds are also observed at 460 cm−1 (for samples MBV3 to
BV5) and 520 cm−1 (for samples MBV1, MBV2, MBV4 and MBV5)
espectively. The ﬁrst band which appears at ∼460 cm−1 is due to
he Bi O Bi vibrations in BiO6 octahedra [55,56]. The band that
ppeared at ∼520 cm−1 is assigned to Bi O bending vibrations in
he BiO6 units [46,55,57,58].
.4. UV–vis measurements
Fig. 4 represents the optical absorption spectra for all prepared
ompositions recorded at ambient temperature. The non-sharp
bsorption edge conﬁrms glassy nature of all prepared composi-
ions. Inset of Fig. 4 shows the transmission spectra. The values
f cut-off wavelength (cut-off) are determined from Fig. 4 and are
eported in Table 2. The optical absorption co-efﬁcient (˛()) can
e calculated from the region near the absorption edge by the rela-
ion [59]: ˛() = A/t, where A is absorbance and t is the thickness
f the glass sample. A depends upon the intensity of incident (I0)
nd transmitted (It) radiations as: A = ln(I0/It). ˛() is also related to
he photon energy (h), optical band gap (Eopt) and band tailing (B)
hrough the relation [60]:
() = B(h − Eopt)
r
h
(3)
ere r is the index, value of which signiﬁes the type of transition
nvolved in the matter. It can have values 2, 3, 1/2 and 1/3 corre-
ponding to indirect allowed, indirect forbidden, direct allowed and
irect forbidden transitions respectively. For amorphous materials,
nly indirect transitions are valid [61]. Eq. (3) is used to obtain Tauc
lots (h vs. (˛h)r) corresponding to r = 2 and 3. The obtained plots
re represented by Figs. 5 and 6 for r = 2 and 3 respectively. The TaucFig. 5. Tauc plot corresponding to indirectly allowed Mott’s transition in
xMgCl2·(30 − x)MgO·20Bi2O3·50B2O3 + 2% V2O5 (x = 12, 15, 20, 25 and 30) glasses
(inset: intercept used to calculate Eopt for sample MBV1).
plots can be used to calculate the optical band gap, given by the
intercept of the curve on x-axis where (˛h)r = 0 (represented by
the insets of Figs. 5 and 6) and the band tailing parameter (B) given
by the slope of linear portion of the Tauc plots. The calculated values
of Eopt and B for both transitions are reported in Table 2. The varia-
tions in Eopt can be attributed to the structural changes governed in
the glass matrix through the substitution of MgCl2 in place of MgO.
It can be seen from Table 2 that Eopt is having maximum values
for both Mott’s transitions. The formation of NBOs is supposed to
contribute in the valence band maximum (VBM) and shifts it a bit
upper as the non-bridging orbitals are more energetic than bond-
ing orbitals [62]. This results in the reduction of the band gap. But
a decrease in NBOs will signify the formation of BOs which hints
towards the fact that for sample MBV3 the number of BOs are max-Fig. 6. Tauc plot corresponding to indirectly forbidden Mott’s transition in
xMgCl2·(30 − x)MgO·20Bi2O3·50B2O3 + 2% V2O5 (x = 12, 15, 20, 25 and 30) glasses
(inset: intercept used to calculate Eopt for sample MBV2).
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Table 2
Cut-off wavelength (cut-off), optical band gap (Eopt), band tailing (B) and Urbach energy (E) for xMgCl2·(30 − x)MgO·20Bi2O3·50B2O3 + 2% V2O5 (x = 12, 15, 20, 25 and 30)
glasses.
Sample code cut-off (nm) Eopt (eV) B (cm eV)−1/r E (eV)
r = 2 r = 3 r = 2 r = 3
MBV1 519 2.35 2.15 20.03 6.66 0.216
MBV2  523 2.35 2.14 22.67 7.17 0.222
MBV3  507 2.37 
MBV4  500 2.35 
MBV5  511 2.33 
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[
[
[
[ig. 7. Urbach’s plots for xMgCl2·(30 − x)MgO·20Bi2O3·50B2O3 + 2% V2O5 (x = 12, 15,
0,  25 and 30) glasses (inset: tangent used to calculate slope to obtain E  for sample
BV3).
The optical absorption data are used to estimate the band struc-
ure and energy band gap in crystalline and amorphous materials.
n optical absorption the photon having energy greater than the
and gap is absorbed which leaves behind an absorption edge with
n exponential increase in ˛(). The increase in ˛() is related to h
s [63]:
() = ˛0eh/E (4)
ere ˛0 is a constant and E  is Urbach energy. The Urbach’s plots
i.e. h vs. ln(˛)) are shown in Fig. 7. The Urbach energy can be
alculated from the reciprocal of the slope of the Urbach’s plot in the
egion of lower photon energy (inset Fig. 7). It can yield information
bout the disorder effects in amorphous or crystalline systems [64].
lso lack of long-range order in amorphous materials is associated
ith the tailing of density of states [65]. The materials having larger
alues of E  are believed to have greater tendency to convert weak
ond into defects. The obtained values of E  for the present glass
ystem lie between 0.200 and 0.222 eV.
. Conclusion
Glasses with composition xMgCl2·(30 − x)MgO·20Bi2O3·50B2O3
ontaining 2 mol% doping of V2O5 (x = 12, 15, 20, 25 and 30) were
uccessfully prepared by the melt-quench technique. The density
as decreasing and molar volume was increasing (except for sam-
le MBV3) with increase in Cl− content. The theoretical optical
asicity was increasing depicting an increase in ionic character of
he glasses with increase in MgCl2 content. The glass transition tem-
erature and glass stability were having maximum value for sample
BV3. The FTIR spectra contained absorption bands corresponding
[
[
[
[2.17 21.12 6.87 0.219
2.16 18.80 6.44 0.200
2.13 21.41 6.94 0.218
to both triangular and tetrahedral boron and revealed least non-
bridging oxygen corresponding to MBV3. The optical band gap was
found to be lying in the range 2.33–2.37 eV and 2.13–2.17 eV for
r = 2 and r = 3 respectively. The values of optical band gap were
maximum for sample MBV3. It was concluded that sample MBV3
is characterized by least number of NBOs due to the participation
of Cl− ions in network formation.
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